We used mitochondrial [cytochrome c oxidase subunit I (CO I), cytochrome b, and 16S] and nuclear [internal transcribed spacer (ITS) phylogenies of Skistodiaptomus copepods to test hypotheses of Pleistocene divergence and speciation within the genus. Mitochondrial (mt)DNA sequence divergences do not support hypotheses for Pleistocene speciation and instead suggest much more ancient speciation events in the genus. Skistodiaptomus oregonensis and Skistodiaptomus pygmaeus (i.e. two morphologically similar and parapatric species) exhibited uncorrected mtDNA sequence divergences exceeding 20%. Similarly, we identified three divergent clades of Skistodiaptomus pallidus that exhibited mtDNA sequence divergences exceeding 15%, suggesting that even intraspecific divergence within this morphospecies predates the Pleistocene. We found clear evidence of CO I pseudogenes in S. pygmaeus, but their presence did not lead to significant overestimates of sequence divergences for this gene. Substitution saturation and strong purifying selection have most likely led to underestimates of sequence divergences and divergence times among Skistodiaptomus. The widespread phenomenon of morphological stasis among genetically divergent copepod groups indicates that speciation often occurs with little or no morphological change. Instead, morphological evolution may occur idiosyncratically after speciation and create discordant patterns of morphological similarity, shared ancestry and divergence time. Cryptic species complexes are therefore common in copepods, and morphological species concepts underestimate their true species diversity.
INTRODUCTION
The Pleistocene has been hypothesized to be an important time for speciation. The general hypothesis is that climatic upheaval caused major changes in species distributions (Pielou, 1991; Webb & Bartlein, 1992) , sometimes fragmenting them and thereby providing opportunities for allopatric divergence and speciation (Hewitt, 1996) . Before the widespread use of molecular methods, Pleistocene speciation was hypothesized for many presumed sister species that are morphologically and ecologically similar and have current (and often parapatric) distribution patterns that can be explained by allopatric isolation in Pleistocene glacial refugia (e.g. North American freshwater fish : Miller, 1965 ; North American zooplankton: Brooks, 1957; Carter et al., 1980; Stemberger, 1995; North American birds: Rand, 1948; Mengel, 1964) . More recently, DNA phylogenies have been employed to test hypotheses of Pleistocene speciation because they provide expectations for the amount of genetic divergence among species (fish: Near & Benard, 2004; Near & Keck, 2005 ; grasshoppers: Knowles, 2000; Knowles, 2001; birds: Bermingham et al., 1992; Klicka & Zink, 1997; Johnson & Cicero, 2004; Weir & Schluter, 2004; damselflies: Bermingham et al., 1992; Klicka & Zink, 1997; McPeek & Brown, 2000; Johnson & Cicero, 2004; Weir & Schluter, 2004; Turgeon et al., 2005) . Although taxon-specific molecular clock calibrations are preferred (Near et al., 2003) , they are not always feasible. In general, however, sister species that diverged within the last two million years due to Pleistocene climatic upheaval are expected to exhibit mitochondrial (mt)DNA divergences of less than 4% because mtDNA clocks generally tick at a rate of approximately 2% sequence divergence per million years (Brown, George & Wilson, 1979; Brown et al., 1982) .
North American diaptomid copepods represent a taxonomic group in which Pleistocene climatic upheaval may have led to speciation among some sister species pairs. Several presumed sister species pairs are morphologically similar and allopatrically or parapatrically distributed. These geographical and morphological patterns have led several taxonomists and biogeographers to suggest the Pleistocene as an important time for diaptomid speciation (Marsh, 1907; Kincaid, 1953; Carter et al., 1980; Stemberger, 1995) . Furthermore, the morphological differences among diaptomids are typically limited to sexual appendages: the fifth pair of legs on the male that are used to position the female during copulation and transfer the spermatophore (Jacoby & Youngbluth, 1983; Blades-Eckelbarger, 1991) . These morphological differences may suggest an important role for sexual selection during the speciation process (Eberhard, 1985; Arnqvist, 1998) . In turn, Knowles (2000) suggested sexual selection as a mechanism promoting Pleistocene speciation because sexual selection can drive the rapid evolution of reproductive traits (Panhuis et al., 2001 ) during brief periods of allopatry.
By contrast to the notion that morphological similarity among diaptomids may reflect recent speciation, molecular genetic investigations of other copepods suggest that morphological differences accumulate very slowly among diverging lineages. For example, mtDNA divergences of greater than 20% have been observed among populations that are morphologically indistinguishable (Burton & Lee, 1994; Ganz & Burton, 1995; Burton, 1997; Burton, 1998; Edmands, 1999; Lee, 1999 Lee, , 2000 Lee & Frost, 2002; Goetze, 2003) . Similarly, mtDNA divergences among morphologically similar, but recognizably distinct, species commonly exceed 15% (Bucklin et al., 2003; Adamowicz et al., 2007) . Therefore, morphological similarity may not reflect recent speciation per se, but rather slow overall rates of morphological evolution relative to molecular evolution. Molecular genetic analyses can therefore shed light on the relative impact of Pleistocene glaciations versus morphological stasis on current patterns of diversity in diaptomid copepods. However, species level molecular phylogenetic analyses of North American diaptomid copepods have not been conducted to determine whether patterns of genetic divergence are consistent with those expected under a model of Pleistocene divergence versus one of morphological stasis.
We used mitochondrial and nuclear DNA sequences from Skistodiaptomus light copepods, a monophyletic genus of North American diaptomids (Thum, 2004) , to reconstruct their phylogenetic relationships and evaluate the likelihood of Pleistocene speciation based on patterns of sequence divergence. Eight species are currently recognized in the genus (Williamson & Reid, 2001) . In the present study, we focus primarily on the 'oregonensis group' (Wilson, 1959) , four species (Skistodiaptomus oregonensis Lilljeborg, Skistodiaptomus pallidus Herrick, Skistodiaptomus pygmaeus Pearse, and Skistodiaptomus reighardi Marsh) that may represent a recently diverged monophyletic group because they can be distinguished only by subtle differences in the shapes of the male sexual appendages. Females cannot be distinguished on the basis of morphology. Furthermore, three species from this group (S. oregonensis, S. pallidus, and S. pygmaeus) have current parapatric distributions in the northeastern USA and adjacent Canada that can be explained by dispersal from allopatric Pleistocene refugia (Carter et al., 1980; Stemberger, 1995; Thum & Stemberger, 2006) and may therefore reflect Pleistocene speciation. Pleistocene speciation has been explicitly hypothesized for S. oregonensis and S. pygmaeus because of their extreme morphological similarity (Carter et al., 1980; Stemberger, 1995; Fig. 1) . Skistodiaptomus oregonensis and S. pygmaeus were considered as synonyms by Marsh (1907) until further sampling revealed geographical and morphological concordance (Wilson, 1959 
MATERIAL AND METHODS

TAXONOMIC AND GEOGRAPHICAL SAMPLING
We sampled copepods from lakes and ponds using 80-mm mesh zooplankton nets; samples were preserved in 95% ethanol. We used only males for our genetic analyses because females are difficult to identify to species. Males were identified to species by their reproductive appendages (fifth pair of legs), DEEP GENETIC DIVERGENCES IN COPEPODS 151 according to Wilson (1959) and Yeatman (1986) in the case of S. carolinensis. We sampled S. oregonensis, S. pallidus, and S. pygmaeus from across their geographical ranges. In addition, we sampled S. carolinensis, S. mississippiensis, and S. reighardi from a single population each. S. bogalusensis and S. sinuatus (i.e. two rare species) were not found in any of our collections. The sampling locations for all specimens used in our analyses are provided in the Supporting information (Appendix S1).
DNA SEQUENCING
We extracted genomic DNA from single, whole animals using the DNEasy animal tissue kit (Qiagen). Two to five microliters from these extractions were used for PCR.
We amplified regions of three mitochondrial genes and the nuclear ribosomal internal transcribed spacers. Cytochrome c oxidase subunit I (CO I) was amplified using the universal primers of Folmer et al. (1994) , cytochrome b (cyt b) was amplified using the degenerate universal primers of Merritt et al. (1999) . A portion of the 16S ribosomal DNA subunit was amplified using primer sequences (5′-TGGTAAGG TAGCATAATAAT-3′) and (5′-CCGGTTTGAACTCAGA TCATGT-3′). We amplified the entire nuclear ribosomal internal transcribed spacers 1 and 2 plus the intervening 5.8S ribosomal DNA subunit (hereafter collectively referred to as ITS) using the primers (5′-TAGAGGAAGTAAAAGTCG-3′) anchored in the 18S ribosomal DNA subunit and (5′-GCTTAAATTC AGCGG-3′) anchored in the 28S ribosomal DNA subunit. All PCR amplifications consisted of 35 cycles Carter et al. (1980 and Stemberger (1995) . Dashed ovals represent approximate locations of ice-free areas during maximum Wisconsinan glacial extent that served as glacial refugia for Skistodiaptomus oregonensis (Mississippian), Skistodiaptomus pygmaeus (N-A, North Atlantic), and Skistodiaptomus pallidus (Appalachian Plateau). The North Atlantic refuges are currently under water but were exposed during glacial maxima because of lower sea levels. Bottom: reproductive appendages (fifth pair of legs; redrawn from Wilson, 1959) for parapatric Skistodiaptomus. Skistodiaptomus oregonensis and S. pygmaeus differ only very slightly in the shapes of their right claws and left exopods (arrows), which are used for grasping females and transferring spermatophores during mating, respectively.
of 95°C for 50 s, 52°C for 1 min, and 72°C for 1 min. PCR products were run on 2% agarose gels to check for size and purity and then treated with the enzymes exonuclease I and shrimp alkaline phosphatase to eliminate unincorporated primers and nucleotide triphosphates before sequencing. PCR products were sequenced directly using BigDye terminator chemistry (Applied Biosystems) on an ABI 3100 DNA sequencer using the same primers used for PCR. DNA sequences were edited using Sequencher, version 4.2 (Gene Codes Corporation) and aligned using CLUSTALX, version 1.81 (Thompson et al., 1997) . Direct sequencing of CO I from all S. pygmaeus individuals yielded poor sequence, suggesting the presence of multiple PCR products. We therefore cloned PCR products from each S. pygmaeus individual. We transformed cells according to the Rapid One Shot chemical transformation protocol from the TOPO TA Cloning kit, version Q (Invitrogen). Using the original PCR primers, we amplified CO I from positive colonies and sequenced cloned PCR products in the same manner as described above. We sequenced two to ten clones per individual.
PHYLOGENETIC ANALYSIS
Phylogenetic analyses were carried out using maximum parsimony (MP), maximum likelihood (ML), or Neighbour-joining (NJ) approaches in PAUP*, version 4.0 (Swofford, 2002) . For MP, we searched tree space heuristically with random addition of sequences and tree bisection and reconnection branch swapping. For ML and NJ analyses, we used nucleotide substitution rates, base frequencies, the proportion of invariable sites (I), and a gamma shape parameter (G) as estimated by MODELTEST (Posada & Crandall, 1998;  Table 1 ). Gaps were treated as missing data in all analyses. Statistical support for nodes was assessed with 1000 bootstrap replicates for MP and NJ analyses, and with 1000 quartet puzzling steps for ML analyses. We excluded one individual each of S. carolinensis (NC001 2) and S. mississippiensis (SC001 12) for the combined mitochondrial DNA analyses because of missing CO I data, but included these two individuals in the ITS phylogeny. Finally, we included homologous sequences from two different diaptomid genera, Aglaodiaptomus leptopus Forbes and Mastigodiaptomus nesus Bowman, as outgroups in our phylogenetic analyses.
After trimming the primer sequences and ambiguous 5′ and 3′ portions of the DNA sequences, the final alignments for the three mitochondrial genes included 658 bp of CO I, 362 bp of cyt b, and 352 bp of 16S. For ITS, we also excluded the highly conserved regions of the 18S, 5.8S, and 28S rDNA subunits (identified by comparison with the Calanus pacificus GenBank accession AF315016) that were amplified in the PCR and three short regions (3, 13, and 18 bp) that were ambiguously aligned. The final ITS alignment was 505 bp. We deposited all sequences in GenBank (accessions EU582540-582685). The alignments used in the phylogenetic analyses of all four genes are provided in the Supporting information (Appendices S2-S5).
RESULTS
GENE DESCRIPTIONS
Sequencing of cloned CO I PCR products from S. pygmaeus confirmed our suspicion of multiple divergent copies in this species. We found up to ten unique CO I sequences in some S. pygmaeus individuals (Fig. 2) . Uncorrected nucleotide divergences among all S. pygmaeus CO I sequences ranged from 0-16%, and from 0-5% within single individuals. Many CO I sequences were obvious pseudogenes, as demonstrated by frame-shifting indels and nucleotide substitutions that resulted in stop codons.
By contrast, direct sequencing of CO I PCR products from other species yielded clean sequences and no evidence of pseudogenes. Furthermore, the CO I amino acid sequences from S. carolinensis, S. mississippiensis, S. pallidus, and S. reighardi were identical (i.e. no amino acid sequence differences among these four species; hereafter refer to as the conserved Skistodiaptomus CO I amino acid sequence). Although at least one clone from each S. pygmaeus individual was 
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identical to the conserved Skistodiaptomus CO I amino acid sequence, other clones exhibited distinct amino acid sequences, which we also inferred to be pseudogenes. S. oregonensis CO I amino acid sequences differed from the conserved Skistodiaptomus sequence by two fixed amino acid differences.
We found no evidence for multiple gene copies in the other two mtDNA genes sequenced. Phylogenetic analysis of all CO I sequences, including putative pseudogenes, revealed that the S. pygmaeus CO I sequences formed a well-supported monophyletic group (Fig. 2 ). As such, the species-level Figure 2. Maximum parsimony 50% bootstrap consensus for cytochrome c oxidase subunit I. Numbers above and below branches represent maximum parsimony and Neighbour-joining (using maximum likelihood parameters for evolution) bootstrap support from 1000 replicates, respectively. Only values > 50 are shown. Samples in bold represent those Skistodiaptomus pygmaeus sequences that had the conserved Skistodiaptomus amino acid sequence. Samples in italics represent S. pygmaeus sequences that were deemed pseudogenes because of insertions, deletions, and stop codons. Samples in normal font represent sequences that were the appropriate length (658 sp), did not have stop codons, but differed from the conserved Skistodiaptomus amino acid sequence. Sample codes are as follows: species name, alphanumeric population code (the first two letters indicate abbreviations for US postal codes for states), individual number, and clone number (applicable for S. pygmaeus samples only).
topology based on CO I sequences alone would not be affected by which gene copy from any individual was used for phylogenetic analysis. Therefore, from each S. pygmaeus individual, we used a single, randomly chosen CO I sequence that had the conserved Skistodiaptomus CO I amino acid sequence for all subsequent phylogenetic analyses (see below).
The majority of nucleotide substitutions in the two protein-coding genes (i.e. CO I and cyt b) occurred at third codon positions and Ն 90% of third codon positions were variable for both of these genes (Table 2) . Among all Skistodiaptomus species, only two amino acid residues were variable for CO I, whereas 21 amino acid positions were variable for cyt b (Tables 4,  5 ). Plots of pairwise genetic distances at third codon positions only versus pairwise distances based on combined first and second codon positions revealed obvious substitution saturation for third codon positions for both CO I and cyt b (Fig. 3) .
SEQUENCE DIVERGENCE
Pairwise sequence divergences among Skistodiaptomus species are large. Among the three parapatric species hypothesized to be of Pleistocene origin (i.e. S. oregonensis, S. pygmaeus, and S. pallidus), uncorrected sequence divergences ranged from 20-22% for CO I, 23-25% for cyt b, 15-20% for 16S, and 7.5-8.7% for ITS (Tables 3, 4, 5, 6) .
We also observed large mtDNA distances among three distinct clades of S. pallidus (see below; Fig. 4 ). Uncorrected sequence divergences among these three distinct S. pallidus lineages range from 19.5-20.4% for CO I, 14.3-17.2% for cyt b, 14.9-15% for 16S, and 1.4-2.5% for ITS (Tables 3, 4 , 5, 6).
GENE TREES
We present the ITS and the combined mtDNA phylogenetic analyses separately because a partition homogeneity test revealed these two datasets as Tables 3-6. significantly different (sum of tree lengths = 2172, P = 0.03). By contrast, the three mtDNA datasets were not different (sum of tree lengths = 1776, P = 0.1).
mtDNA
The mitochondrial DNA phylogeny did not provide strong support for species-level relationships (Fig. 4) . It did not support the monophyly of the 'oregonensis group', nor did it support the hypothesized sister relationship between S. oregonensis and S. pygmaeus. However, the MP bootstrap showed strong support for the monophyly of each of these species. mtDNA revealed a geographically distinct 'western' clade of (S. oregonensis W) corresponding to individuals from Minnesota and Montana. No strong evidence of phylogeographical structure was detected for S. pygmaeus.
The most striking result from the mtDNA phylogeny was the identification of three genetically divergent clades of S. pallidus from different geographical regions. These divergent clades were not recovered as a well supported monophyletic group (Fig. 4) . Skistodiaptomus pallidus individuals from the northeastern USA ('S. pallidus A' from Connecticut and New York) were sister to S. reighardi with moderate bootstrap and quartet puzzling support, whereas individuals from IL ('S. pallidus B') were sister to individuals from Michigan ('S. pallidus C'). However, a Shimodaira-Hasegawa test (S-H test; Shimodaira & Hasegawa, 1999) showed that the ML tree was not significantly different from an ML tree enforcing the monophyly of S. pallidus (difference in -log likelihood = 6.10, P = 0.24).
The lack of phylogenetic resolution in the mtDNA tree most likely reflects the long terminal branches and relatively short internal branches, and extensive substitution saturation at synonymous sites in protein-coding regions combined with a paucity of nonsynonymous changes ( Fig. 3; Table 2 ).
ITS
The ITS gene tree showed greater phylogenetic resolution among Skistodiaptomus species than did the mtDNA gene tree (Fig. 5) . The ITS phylogeny did not recover a monophyletic 'oregonensis group'; S. reighardi was more closely related to the sister species S. carolinensis and S. mississippiensis than to other members of the 'oregonensis group'. However, an S-H test showed that the ML tree was not significantly different from an ML tree enforcing the monophyly of the 'oregonensis group' (difference in -log likelihood = 3.37, P = 0.12). The hypothesized sister relationship between S. oregonensis and S. pygmaeus, with S. pallidus more basal, was recovered in both the ML and MP trees, but these nodes were weakly supported (< 50%) by ML quartet puzzling and MP bootstraps. Finally, the ITS analysis identified three distinct clades of S. pallidus, corresponding to the same three clades identified by mtDNA analyses. However, in contrast to the mtDNA data, the three clades were recovered as a monophyletic group in both the strict consensus ML and MP trees, and had stronger support from ML quartet puzzling (58%) and MP bootstraps (97%). The distinctness of eastern and western populations of S. oregonensis revealed by mtDNA was not evident for ITS.
DISCUSSION PHYLOGENETIC RELATIONSHIPS AMONG SKISTODIAPTOMUS
Molecular phylogenies have proved valuable for elucidating the phylogenetic relationships among some marine and freshwater copepod groups in which morphological relationships are ambiguous. In particular, conserved regions of nuclear ribosomal DNA (18S and 28S) have helped to elucidate relationships among genera and orders (Braga et al., 1999; Bucklin et al., 2003; Thum, 2004) , whereas mtDNA has been used to resolve species level relationships (Braga et al., 1999; Bucklin et al., 2003; Goetze, 2003; Adamowicz et al., 2007) . However, mtDNA and nuclear ribosomal DNA sequences do not provide well supported phylogenetic relationships among morphologically similar species of Skistodiaptomus. MtDNA sequences from three genes (CO I, cyt b, and 16S) produced a star phylogeny that did not strongly support any sister relationships among divergent lineages of Skistodiaptomus, most likely due to deep genetic divergences and high degrees of homoplasy resulting from substitution saturation. Although the ITS phylogeny showed greater phylogenetic resolution than did mtDNA, the precise phylogenetic relationships among most Skistodiaptomus species remain unclear. The ITS phylogeny had high bootstrap and quartet puzzling support for a monophyletic clade with S. reighardi basal to the sister species S. carolinensis and S. mississippiensis, suggesting that Wilson's (1959) 'oregonensis' group is not monophyletic. However, an S-H test did not reject the hypothesized monophyletic 'oregonensis group'. Similarly, the relationships among the morphologically similar and parapatric S. oregonensis, S. pallidus, and S. pygmaeus were not resolved with ITS. Specifically, we did not find strong support for the hypothesized sister relationship between the morphologically similar S. oregonensis and S. pygmaeus, which were once considered to be a single species (Marsh, 1907) . Thus, resolving the phylogenetic relationships among Skistodiaptomus species, and perhaps diaptomids more generally,
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may prove more difficult in comparison to other copepod groups, and will likely require larger numbers of phylogenetically informative mitochondrial and nuclear DNA sequences than have been used in previous molecular phylogenetic studies of copepods. Hebert, Cywinska & Ball (2003) reported general success in using mitochondrial CO I sequences as a reliable method for taxonomic identification (genetic 'barcoding'). Although this gene appears to be useful for most animal groups, our results suggest it may have limited utility for diaptomid copepods. For example, our mtDNA phylogeny did not recover deeply divergent lineages of S. pallidus as a wellsupported monophyletic group, whereas the ITS (Carter et al., 1980; Stemberger, 1995) . Uncorrected, average pairwise mtDNA sequence differences between them ranged from 17% (16S) to 26% (CO I).
Although there are no molecular clock calibrations for diaptomids, animal mtDNA clocks generally tick at a rate of approximately 2% sequence divergence per million years (Brown et al., 1979; Brown et al., 1982) and molecular clock calibrations for mtDNA in crustaceans range from 0.9% (16S for fiddler crabs: Sturmbauer, Levinton & Christy, 1996) to 2.6% (CO I for Alpheus snapping shrimps: Knowlton et al., 1993) sequence divergence per million years. Using these ranges as a general guide, S. oregonensis and S. pygmaeus diverged somewhere between 10-20 Mya during the Miocene as opposed to the Pleistocene. Given the extensive substitution saturation evident in CO I and cyt b, these divergence times may be underestimated. The high sequence divergences among the distinct clades of S. pallidus suggest not only that this species also initially diverged from other Skistodiaptomus before the Pleistocene, but also that intraspecific lineage splitting events within the species predate the Pleistocene. Average mtDNA divergences among the three clades identified with our phylogenetic analyses were in the range 14-20%.
Although our sampling was not as extensive, mtDNA sequence divergences among other pairs of Skistodiaptomus species also do not provide any evidence for Pleistocene speciation. For example, the lowest mtDNA sequence divergences were observed between S. carolinensis and S. mississippiensis. Nevertheless, these two species exhibited mtDNA sequence divergences ranging from 11.3% (16S) to 17.5% (CO I), which also corresponds to a Miocene, rather than Pleistocene, divergence.
To reconcile our observed sequence divergences with Pleistocene speciation for Skistodiaptomus, uncorrected sequence divergence rates would have to be approaching 10% per million years. Although we find such a rate unlikely, it is possible that Skistodiaptomus has mutation rates that are much higher than other taxa. Willett & Burton (2004) demonstrated that mtDNA substitution rates were dramatically increased relative to nuclear substitution rates for the copepod Tigriopus californicus. However, these substitution rates were not calibrated with any time points and therefore do not provide any information on the actual rate of mtDNA sequence divergence. Elevated divergence rates might also be possible through strong diversifying selection on mtDNA. However, we found no evidence for such selection. Indeed, both cyt b and CO I show evidence for strong purifying selection (J. A. Andres, pers. comm.). For example, there were only two nonsynonymous substitutions among Skistodiaptomus CO I sequences. Such strong purifying selection, in addition to substitution saturation, suggests that our sequence divergences and divergence time estimates are more likely to be underestimated than overestimated.
Comparisons among paralogous gene copies may also lead to overestimates in sequence divergence and hence divergence time estimates (Williams & Knowlton, 2001 ). The presence of nuclear copies of CO I in S. pygmaeus could influence our divergence estimates if paralogous gene copies were compared. Although we cannot be sure which clone(s) represent the true mitochondrial copy of CO I for any individual, we did find at least one clone in each S. pygmaeus individual that exhibited the conserved Skistodiaptomus CO I amino acid sequence, which we inferred to represent the orthologues of mitochondrial CO I. Furthermore, divergences between all copies of CO I in S. pygmaeus (i.e. including putative pseudogenes) and CO I in the other Skistodiaptomus species are large (> 20%), suggesting that even paralogous comparisons would not lead to dramatic overestimates of divergences between S. pygmaeus and other Skistodiaptomus species. Finally, we found no evidence for cyt b or 16S pseudogenes in S. pygmaeus or any other species of Skistodiaptomus, and sequence divergences for these mtDNA genes were in the same range as those for CO I. As such, we doubt that pseudogenes have any significant impact on our estimates of sequence divergence.
Although the observed sequence divergences among Skistodiaptomus species suggest that their initial divergences predate the Pleistocene, they do not necessarily indicate that the Pleistocene was not important in shaping current patterns of Skistodiaptomus diversity or that climatic upheaveal (e.g. glaciations) was not important for Skistodiaptomus speciation. Although speciation per se most likely preceded the Pleistocene, it is impossible to know exactly when the morphological differences by which we recognize species evolved. For example, the morphological differences that distinguish species of Skistodiaptomus may have evolved in small Pleistocene refuge populations after speciation had already occurred (see below). In addition, the Pleistocene may have initiated future speciation events via allopatric fragmen-DEEP GENETIC DIVERGENCES IN COPEPODS 161 tation of intraspecific lineages (Avise & Walker, 1998) . For example, eastern and western clades of S. oregonensis differ on average by 4%, which is consistent with Pleistocene divergence of a previously widespread ancestral population. Similarly, Miocene glaciations may have played an important role in the initial divergences of Skistodiaptomus species through geographical isolation of ancestral populations. Without fossil evidence, however, it is difficult to determine whether the geographical record of speciation for Skistodiaptomus was erased through multiple range shifts subsequent to their Miocene divergence (Barraclough & Vogler, 2000) or preserved through repeated glacial advance and retreat during the Miocene and Pleistocene epochs (Paulo et al., 2001) .
MORPHOLOGICAL VERSUS MOLECULAR EVOLUTIONARY RATES AND SPECIATION
The slow rate of morphological evolution relative to molecular evolution observed for Skistodiaptomus is emerging as a general pattern in copepods. Most striking perhaps are data from comparisons within Tigriopus californicus, in which nucleotide divergence between individuals from three California populations is greater than 20% across much of the mitochondrial genome (Burton, 1998; Burton, Byrne & Rawson, 2007) . However, uncorrected mtDNA divergences exceeding 20% among morphologically similar or indistinguishable species or populations have also been identified in Eurytemora affinis (Lee, 1999 (Lee, , 2000 Lee & Frost, 2002) , Cletocamptus deitersi (Rocha-Olivares, Fleeger & Foltz, 2001) , and marine calanoids in the family Eucalanidae (Goetze, 2003) . Furthermore, mtDNA gene order appears to change rapidly in copepods (Burton et al., 2007) .
Why deep genetic divergences are so commonly found with little or no associated morphological divergence is less clear. In some cases, morphological differences have been revealed among genetically divergent lineages that were previously considered a single species (Rocha-Olivares et al., 2001) . In other cases, further morphological examination of genetically divergent, reproductively isolated lineages has not revealed morphological differences (Lee & Frost, 2002; Dodson et al., 2003) . These latter observations indicate that copepod speciation can and may often occur with little or no associated morphological change.
Given the above, molecular genetic studies of copepods suggest alternative mechanisms of speciation than those inferred from morphological investigations. For example, that most recognized species of copepods are distinguished by morphological differences in the male sexual appendages suggests that sexual selection on genital morphology may be an important factor in their speciation (Eberhard, 1985; Arnqvist, 1998) . Such morphological differences are expected to play large roles in premating reproductive isolation. However, mating experiments among genetically divergent populations and species of copepods demonstrate that barriers to gene flow are often post-mating and post-zygotic (Ganz & Burton, 1995; Edmands, 1999; Lee, 2000; Grishanin et al., 2006; Thum, 2007) . Thus, reproductive isolation in copepods may more commonly involve physiological, chromosomal, or cytonuclear incompatibilities (Lee, 2000; Willett & Burton, 2001; Grishanin et al., 2006) , and therefore will not necessarily be correlated with any morphological changes. As a result, morphological differences may evolve idiosyncratically among lineages that have been reproductively isolated for long periods of time, leading to a lack of correspondence between morphological similarity, patterns of shared ancestry, and time subsequent to divergence. Furthermore, if copepod speciation commonly involves mechanisms that do not require morphological divergence, cryptic species complexes may be the norm for copepods and species concepts based on morphological differences may therefore drastically underestimate the true species diversity of copepods.
